We previously identified a broad initiation zone of DNA replication at the chicken lysozyme gene locus. However, the existence of a highly preferred origin of bidirectional replication (OBR), often found in initiation zones, remained elusive. In order to re-examine this issue we used a competitive PCR assay to determine the abundance of closely spaced genomic segments in a 1 kb size fraction of nascent DNA. A sharp peak of nascent strand abundance occurred at the 3' end of the gene, where initiation events were 17 times more frequent than upstream of the gene. This primary initiation site, active in lysozyme expressing myelomonocytic HD11 cells and non-expressing hepatic DU249 cells, was found to reside within an unusually located CpG island. While most CpG islands are found at the 5' end of genes, the lysozyme gene island extends from the 3' end of the second intron and includes~1.2 kb of 3' flanking DNA. As diagnosed by methylation-sensitive restriction enzymes, the island is largely non-methylated in HD11 cells, DU249 cells and inactive chicken erythrocytes. Furthermore, a DNase I hypersensitive site (HS) that is composed of two subsites separated by~100 bp, was localised very close to the segment with the highest initiation activity. Our results suggest that the non-methylated CpG island and the HS provide an accessible chromatin structure for the lysozyme gene origin of replication.
INTRODUCTION
Mapping initiation sites for DNA replication in the chromosomes of flies, frogs and mammals has revealed at least 22 replication origins (reviewed in 1 and references cited below). While these studies agree that DNA synthesis initiates at specific sites but not randomly throughout cellular chromosomes, an important feature of replication origins appears paradoxical. Several studies using labelling of early replication intermediates with nucleotide precursors conclude that initiation occurs from narrow zones encompassing as little as 0.5 kb (2-4).
In contrast, when replication intermediates were fractionated by two-dimensional gel electrophoresis and then identified by hybridisation with sequence-specific probes, initiation appears to occur at many sites distributed throughout much larger regions. In several cases this paradox could be clarified by use of techniques that allow quantitative determination of the relative frequency of initiation at densely spaced sites (4, 5) . The chicken lysozyme gene locus is one of the best studied chromatin domains in vertebrates. The gene is flanked by well characterised regulatory sites (enhancers, silencer, HRE) (6) and nuclear matrix attachment regions (MARs) (7) . To fill a gap in our knowledge, we started to study replication of the lysozyme locus, and as a first step, previously identified a broad initiation zone of DNA replication (8) . Yet unfortunately, our previous studies failed to reveal a preferred origin of bidirectional replication (OBR) in the lysozyme initiation zone. We therefore decided to re-examine this issue and used the nascent-strand abundance assay to quantitatively determine by PCR the relative abundance of more densely spaced genomic sites within the 1.0 kb size fraction of nascent DNA from chicken myelomonocytic HD11 cells and hepatic DU249 cells. Furthermore, we concentrated our efforts on the 3' half of the gene and its 3' flanking DNA, as our previous studies seemed to indicate that the frequency of initiation is greatest within the 3' located sub-zone (8) .
Presently very little is known about the distribution of origins of DNA replication in relationship to other genomic landmarks. Origins were found to occur near promoters (3, 9) , within transcriptional units (10) , at the 3' end of genes (3) and in intergenic regions (2, 4, 11) . A close correlation of DNA replication with transcription is demonstrated by the fact that almost all constitutively expressed (housekeeping) genes replicate within the first half of S phase in many cell types, while many tissue specific genes when active replicate in early S phase, but when inactive in late S phase (12, 13) . A very prominent landmark within the vertebrate genome is 1-2 kb regions of densely spaced CpG dinucleotides, named CpG islands. They are associated with the 5' end of~50% of all mammalian genes, where they cover the promoter and one or more of the 5' exons (14, 15) . While the majority of the methylated CpGs are found in retrotransposons and centromeric satellite DNA, CpG islands are free of methylation in all tissues, including those in which the associated genes are silent, with the exception of those on the inactive X chromosome (16) and those associated with the inactive allele of imprinted genes (17, 18) . The chromatin encompassing CpG islands is free of histone H1, highly acetylated at histones H3 and H4 N-termini, and preferentially accessible to restriction enzymes (19) . These features provide an 'open' chromatin configuration. In a recent nascent-strand abundance analysis of three hamster genes and one human gene, that all contain CpG islands at their 5' ends, CpG island DNA but not flanking DNA was found to be present in a short nascent strand size fraction (20) . Furthermore, CpG island-like fragments were enriched in the short nascent DNA fraction from human erythroleukaemic cells, suggesting that initiation occurs in CpG islands at a significant frequency. In order to evaluate the generality of this connection, it would be interesting to determine the origin of replication in genomic loci that contain CpG islands at non-5' end regions.
Besides by DNA sequences, origins of replication are determined by chromatin structure. Initiation of DNA replication is strongly inhibited by packaging of DNA into chromatin. This effect can be abolished by interaction of specific proteins, e.g. initiation proteins and some transcription factors, with replication origins (21, 22) . The origin of simian virus 40 minichromosome and origins of Saccharomyces cerevisiae have been shown to be maintained in an open chromatin structure highly accessible to DNA endonucleases (23) (24) (25) . Furthermore, the chromatin structure at origins in yeasts and origins in human cells is modulated during the cell cycle (23, 26, 27) . Additionally, it has been shown that attachment to the nuclear matrix mediates cell cycle-specific alterations in chromatin structure at the hamster DHFR ori-β and ori-γ (28).
Our present results localise a primary initiation site (OBR) to a 650 bp region at the 3' end of the lysozyme gene. This OBR resides within an~1.8 kb CpG island, which extends from the 3' end of the second intron and includes~1.2 kb of 3' flanking DNA. Furthermore, the OBR is coincident with two closely spaced DNase I hypersensitive sites. These results appear to suggest that the CpG island and the hypersensitive sites establish an 'open' chromatin configuration, which is important for the function of the lysozyme gene 3' end as an OBR.
MATERIALS AND METHODS

Cell culture and cell synchronization
HD11 cells (29) and DU249 cells (30) were maintained in Iscove's modified Dulbecco's medium (IMDM), supplemented with 8% fetal calf serum, 2% chicken serum, 100 U/ml penicillin and 100 µg/ml streptomycin (complete IMDM) at 37°C and 5% CO 2 . For synchronisation, HD11 cells (2 × 10 7 ) were cultured in 150 mm diameter dishes to 80-90% confluence, then incubated for 45 h in IMDM without isoleucine, and finally transferred to complete IMDM containing 20 µg/ml aphidicolin (Sigma, Deisenhofen, Germany) for at least 12 h (31). To allow these cells, arrested at the G 1 /S boundary, to enter S phase, they were washed twice in complete IMDM to remove aphidicolin, and immediately released into S phase by incubation at 37°C for 1 h. For accumulation in G 0 phase, HD11 cells (2 × 10 7 ) were grown in complete IMDM overnight and then deprived of serum for at least 72 h. To re-enter G 1 phase, these cells were washed once with IMDM and incubated in complete IMDM for 3 h. Chicken erythrocytes were collected as follows.
Heparinised (10 ml) blood was diluted with 10 ml IMDM and centrifuged through 10 ml of Ficoll-Paque (Pharmacia, Freiburg, Germany) at 400 g and 4°C for 30 min, followed by two washes with phosphate-buffered saline (PBS).
Isolation and size fractionation of nascent DNA
In order to isolate nascent strand DNA for competitive PCR analysis, 4 × 10 8 HD11 cells grown in complete IMDM overnight were pulse-labelled with 5-bromodeoxyuridine (BrdUrd, 20 µM) for 15 min at 37°C. High molecular weight DNA was isolated by digestion with proteinase K, extraction with phenolchloroform and spooled in 70% ethanol. Then, spooled DNA was dissolved in 500 µl of 0.2 N NaOH, layered on two 5-30% (w/v) linear alkaline sucrose gradients containing 0.2 N NaOH and 2 mM EDTA and size-fractionated by centrifugation in a Beckman SW40 rotor at 35 000 r.p.m. for 18 h at 15°C. From each gradient, 12 fractions of 1 ml each were collected, neutralised with 0.2 N HCl and 0.1 M Tris-HCl (pH 8.0) and precipitated with ethanol. DNA sizes in each fraction were monitored by alkaline agarose gel electrophoresis and Southern hybridization to 32 P-labelled, nick-translated genomic DNA using HindIIIdigested λDNA and a 400 bp DNA ladder as size markers. 
Oligonucleotide primers and competitive PCR
The purified nascent DNA was analysed by competitive PCR at 10 segments of the lysozyme gene locus (Fig. 1) . For each segment, a primer set, consisting of two external primers (primers 1 and 2) and two internal primers (primers 3 and 4), was chemically synthesised by MWG-Biotech (Ebersberg, Germany). The nucleotide sequences of the primers are given in Table 1 . Each internal primer carries at its 5' end a 20 nt sequence unrelated to chicken genomic DNA, either 5'-acctgcagggatccgtcgac-3' (tail 1) or 5'-gtcgacggatccctgcaggt-3' (tail 2). Specific competitors, that have the same sequence as the genomic segments but in addition the 20 nt sequence in the middle, were constructed by PCR as described previously (8, 32) . Concentrations of the competitors were determined by co-amplification with a known amount of chicken genomic DNA.
Competitive PCRs were performed in 50 µl reaction mixtures containing 1× GeneAmp buffer, 1.25 U AmpliTaq Gold polymerase (Perkin-Elmer, Hamburg, Germany), four deoxyribonucleotides (200 µM each), 1 µM primers, 5 µl of 1 kb nascent DNA and increasing amounts of specific competitor DNA. Forty-three cycles of amplification, each consisting of 1 min at 94°C and 1 min at 60°C were performed in a PerkinElmer thermal cycler. Amplified DNA fragments were fractionated on 5% polyacrylamide gels at 150 V for 2 h, stained with ethidium bromide and quantified by using an ethidium bromide gel documentation system from Bio-Rad (Munich, Germany).
DNA methylation analysis
To isolate genomic DNA for DNA methylation analysis, HD11 and DU249 cells, synchronised HD11 cells and erythrocytes (~4 × 10 7 cells) were washed twice with PBS, lysed in 3 ml of a solution containing 0.3 M NaCl, 50 mM Tris-HCl (pH 8.0), 25 mM EDTA, 0.2% (w/v) SDS and 0.2 mg/ml proteinase K. Following incubating at 37°C for 5 h, the lysate was extracted three times with Roti Phenol (Roth, Karlsruhe, Germany).
DNA was spooled from 70% ethanol, washed once with 70% ethanol and dissolved in 2 ml TE. The sample was then digested with 50 µg/ml DNase-free RNase A in the presence of 10 mM EDTA and 150 mM NaCl for 3 h at 37°C, followed by a digestion with 0.2 mg/ml proteinase K for 2 h at 37°C. After extraction, DNA was then precipitated with ethanol, washed and dissolved in 200 µl TE.
For Southern analysis, 10 µg of purified DNA was digested with the indicated restriction enzymes, and the resulting DNA fragments were electrophoretically resolved on 1, 1.4 or 2% agarose gels containing 1× TBE [89 mM Tris (pH 8.0), 89 mM boric acid and 2 mM EDTA], and transferred onto nylon membranes by the method of Southern (33) . Filters were hybridised to 32 P-labelled, nick-translated DNA probes as described previously (34) and autoradiographed at -80°C using intensifying screens. To analyse hypersensitive sites, nuclei (200 µg of nucleic acids) were treated without DNase I or with 50-150 U/ml of DNase I in 600 µl buffer C in the presence of 5 mM MgCl 2 at 4°C for 10 min. Reactions were stopped by adding 12.5 µl of 0.5 M EDTA. After centrifugation for 10 s at 12 000 r.p.m., DNA from digested nuclei was purified as described previously (34) . Following digestion with XbaI and HindIII, DNase I HS sites were mapped by the technique of indirect end labelling (36) using DNA fragments B4B5 and CeH10 as probes. Southern hybridization was performed as described previously (34) .
Mapping of DNase I hypersensitive (HS) sites
DNA sequencing
DNA fragments to be sequenced were cloned into pBluescript II SK+ (Stratagene Europe, Amstersdam, The Netherlands). DNA sequencing was performed by using a T7 sequenase kit from USB (Amersham Buchler, Braunschweig, Germany) with universal sequencing primers according to the instructions of the manufacturer.
RESULTS
Identification of an OBR in the chicken lysozyme gene locus
We have previously mapped an initiation zone of DNA replication at the chicken lysozyme gene locus and presented evidence that it contains a 3' located sub-zone of preferred initiation (8) . In the present study, we wished to determine using more closely spaced genomic markers, whether this subzone harbours an OBR. Employing the competitive PCR-based nascent strand assay, we measured the abundance of ten genomic segments (B, N, C, P, M, O, R, I, D and K) in a 1 kb size fraction of BrdUrd-labelled, nascent strand DNA. The location of these segments is shown in Figure 1 . By spanning 20 kb, they cover the 21 kb lysozyme gene domain (6, 7, 37) . Four segments, M, O, R and I, located in the preferred initiation zone are spaced by 1140, 55 and 430 bp, respectively. The distances between these probes are small enough to allow detection of an OBR in this region. The competitive PCR assay was performed by co-amplification of a fixed amount of the BrdUrd-labelled nascent strand DNA together with varying known amounts of competitor DNA. The results of a representative experiment with segments M, O, R and I are shown in Figure 2 . The accuracy of this determination was validated by parallel competitive PCR assays of a fixed amount of unlabelled, unfractionated genomic DNA with varying amounts of competitor DNA. We found that the 2 ng genomic DNA sample used contained an average of 600 ± 106 copies (standard error of the mean) for each genomic marker (Fig. 2 , right half of each panel). Consistent with the observations of Kobayashi et al. (4) , not only competitor (C) and target (T) DNA bands appeared as PCR products, but also heteroduplexes (H) between target and competitor DNA amplicons, T.C and C.T, that formed during the final cycle of denaturation and renaturation. The amount of this heteroduplex DNA formed was taken into account using the formula given by Kobayashi et al. (4) . Then, from the ratio of competitor to target DNA and the number of competitor DNA molecules added, we calculated the number of copies of each genomic segment in the 1 kb nascent DNA size fraction. In total, we performed three independent measurements for each genomic segment, and average copy numbers were normalised to the average copy number of segment B (Fig. 3A) . The average abundance of segment R, located at the 3' end of the lysozyme gene, was (17.0 ± 1.8)-times higher than that of segment B. The average enrichment of segments O and I, which flank segment R, was (10.5 ± 1.0)-fold and (6.5 ± 0.6)-fold, respectively. Segments M and D, which are 1445 bp upstream and 2539 bp downstream from segment R, show a (3.2 ± 0.5)-and (1.9 ± 0.2)-fold average enrichment, respectively. Thus the normalised abundance of nascent DNA exhibits a symmetrical peak centred at segment R, indicating bidirectional replication from a site within the~650 bp region between segments O and I. The distance from the 5' end of segment O to the 3' end of segment I measures 1041 bp. Nascent strands were found to be~1.6-and~2.6-fold more abundant in segment R than in the immediate upstream (O) and downstream (I) segment, respectively, suggesting that the centre of the OBR resides in the left half of the 1041 bp region. Altogether, these data demonstrate an OBR close to the 3' end of the chicken lysozyme gene. To determine whether this OBR is also active in lysozyme non-expressing hepatic DU249 cells, we performed a competitive PCR analysis of 1 kb nascent strand DNA from these cells with the same 10 pairs of primers. As shown in Figure 3B , the results were very similar to those obtained with nascent strand DNA from HD11 cells, although segment R was enriched~10-fold over segment B in nascent strand DNA and the flanking segments O and I showed a 9.5-and 5.2-fold enrichment, respectively. These data are consistent with an active OBR close to segment R in DU249 cells.
The lysozyme OBR is located within a CpG island
Sequencing of cloned genomic DNA between segments M and K revealed that a CpG island (66% GC-rich),~1.8 kb in length, is located at the 3' end of the lysozyme gene. The density of CpG doublets in the central portion of the island is, on average, 16/100 bp and on its flanks~7/100 bp, while this density is as low as 0.5-1.5/100 bp upstream and downstream of the island (Fig. 4) . The central portion of the island extends from exon 3 and includes~700 bp of 3' flanking DNA. These data demonstrate that the 1041 bp region (from segment O to segment I) harbouring the identified OBR co-localises with the central portion of the CpG island.
The lysozyme CpG island is undermethylated in myelomonocytic HD11 cells, in hepatic DU249 cells and in chicken erythrocytes
To assess the methylation status of the CpG island in various cell lines, we utilised restriction enzymes, whose activity is inhibited by CpG methylation within their recognition sites. As probes, purified DNA from lysozyme expressing HD11 cells, non-expressing hepatic DU249 cells and transcriptionally and replicationally inactive chicken erythrocytes were digested with HpaII, MspI, AvaI, BssHII or NarI, and additionally with SacI. The recognition sites of these enzymes within the CpG island are plotted in Figure 4 . Digested DNA samples were analysed by Southern blotting and hybridization with probe S6S7. Figure 5A shows a Southern analysis of the DNA samples digested by HpaII or MspI. Both enzymes recognise the same sequence, CCGG; however, in contrast to HpaII, that is inhibited when the internal cytosine is methylated, MspI is not sensitive to methylation. Although 19 restriction fragments, from 5 to 343 bp in length, should be generated from fragment S6S7 by digestion with MspI, only three bands, 144, 211 and 343 bp in size, were detectable (Fig. 5A, lanes 3, 5, 7 and 9) . The low blotting and hybridization efficiency of the many smaller fragments probably impeded their detection. The cleavage pattern after HpaII digestion was very similar to that by MspI, indicating that most CCGG sites are unmethylated (lanes 2, 4, 6 and 8). Yet we noticed one difference: HpaII digestion produced a 393 bp instead of a 343 bp fragment, indicating that the far right-hand CCGG in fragment S6S7 was methylated in exponentially growing HD11 cells (lanes 2 and 3) . Identical results were obtained with DNA from HD11 cells that were deprived of serum growth factors (Fig. 5A, lanes 4 and 5, and  B, lanes 1 and 2) , arrested in G 1 phase (Fig. 5B, lanes 3 and 4) , or synchronised into S phase (Fig. 5B, lanes 5 and 6) . Additionally, the far right-hand CCGG site outside of fragment S6S7 was found to be methylated in HD11 cells, but not in DU249 cells and erythrocytes (data not shown). Digestion of DNA from HD11 cells, DU249 cells or erythrocytes with methylationsensitive AvaI generated three fragments, of which the largest and the smallest ones had sizes of 692 and 193 bp, respectively (Fig. 5C, lanes 2, 5, 8 and 11 ). This indicates that the two central cleavage sites are unmethylated (Fig. 4) . However, the middle fragment cleaved from exponentially growing or arrested HD11 cell DNA exhibited a size of 424 bp (Fig. 5C, lanes 2  and 5) , while the respective fragment cleaved from DU249 cell or erythrocyte DNA was 373 bp in length (Fig. 5C, lanes 8 and  11) . These results and the fact that the far right AvaI site (CCCGGG) in fragment S6S7 also contains the far right MspI site, confirm our earlier conclusion that the CpG within this common site is methylated. Digestion with BssHII generated two fragments, and that with NarI generated three fragments, of which the two smaller ones were poorly resolved (Fig. 5C,  lanes 3, 4, 6 , 7, 9, 10, 12 and 13). This indicates that the respective cleavage sites were unmethylated. Taken together, our results suggest that the central portion of the CpG island containing the lysozyme gene OBR is largely unmethylated in the three cell types investigated. In contrast, two CpG sites at the 3' border of the island were found to be methylated in lysozyme expressing HD11 cells.
The lysozyme OBR contains a DNase I HS site
An OBR might be expected to be preferentially accessible to the replication machinery, and thus be packaged in a noncanonical, open chromatin structure. In order to detect such features, we attempted to map sites potentially hypersensitive to DNase I using the technique of indirect end-labelling (36) . Nuclei were isolated from exponentially growing HD11 and DU249 cells and incubated with increasing concentrations of DNase I. Following digestion of the purified DNA with XbaI and HindIII, DNase I HS sites were then mapped by indirect end-labelling from sites X4 and H10, respectively (see map in Fig. 6A ). As shown in Figure 6B , XbaI digestion and hybridisation with probe B4B5 localised a DNase I HS site very close to the 3' end of the lysozyme gene. This site is likely identical with a DNase I HS site previously mapped at position +3.9 kb (named HS6) in various chicken tissues (38) . A fine mapping by digestion with HindIII and hybridization with probe CeH10 then revealed that the HS site detected in Figure 6B consists of two sub-sites spaced by~100 bp ( Fig. 6C and D) . Interestingly, these sub-sites are present in both HD11 and DU249 cell lines and map within segment R, that has been earlier shown to display the highest frequency of initiation (Fig. 3) . Thus our results demonstrate that a DNase I HS site, which is indicative of a localised accessible chromatin structure, occurs within the lysozyme OBR. It is tempting to postulate that the specialised chromatin organisation of this DNase I HS site plays an important role in the function of the lysozyme OBR.
DISCUSSION
We previously identified an initiation zone of DNA replication within the chicken lysozyme gene locus, but failed to localise a preferred primary initiation site. Re-examining this issue, we used a competitive PCR assay to determine the abundance of selected genomic segments in a 1 kb size fraction of nascent strand DNA. The genomic segments chosen were particularly densely spaced in the 3' half of the gene and its 3' flanking region, since our previous measurements seemed to indicate that initiation events are enhanced in a 3' located sub-zone (8) . Using this modification, the present study discovers an OBR at the 3' end of the gene. This OBR localises to an~650 bp sequence, that contains the last (fourth) exon of the gene and 400 bp of 3' flanking DNA. Segment R within the OBR was 17-fold enriched in the 1.0 kb size fraction of BrdUrd-labelled nascent DNA. Segments O and I, that are separated from segment R by 55 and 430 bp, respectively, exhibited only a 10.5-and 6.5-fold enrichment, respectively. The sharpness of the peak of nascent strand abundance thus indicates that the primary initiation events localise to a strikingly narrow region very close to the 3' end of the lysozyme gene. We furthermore considered the possibility that an additional high-frequency initiation site would exist at the gene locus. In case of its existence, the flanking segments should exhibit an elevated abundance in the 1 kb nascent strand DNA fraction, since the distance between the segments used ranges from 3 to 4 kb. As shown in Figure 3 , solely segments D and M, but not segments N, C, P and K, were found to be enriched. Hence, it is unlikely that other additional high-frequency initiation sites are present at the gene locus. Yet we have to admit that application of the strategy of using more densely spaced genomic markers might reveal additional weaker OBRs. Indeed, such weaker OBRs likely occur and might have generated, in our previous study, the appearance of a zone of initiation (8) . Identification of a second origin (ori-β') within the DHFR initiation zone,~5 kb downstream from the previously discovered origin, ori-β, is an interesting example of the usefulness of this strategy (4).
A quantitative aspect of the competitive PCR assay is furthermore interesting. Near the center of the OBR (genomic site R) we measured 2500 copies of nascent strands in the 0.8-1.2 kb size fraction (Fig. 2) . In a long calculation taking into account the number of cells used (~4 × 10 8 cells), the amount of nascent DNA for PCR analysis (1.25%), and a cell cycle time of 16 h, and assuming 100% recoveries and that replication forks bidirectionally move at 1.5 kb/min, we estimated the maximal number of copies of nascent 1 kb fragments at the position of BssHII (B) or NarI (N). Digested DNA samples were resolved on 2% (A and B) or 1.4% agarose gels (C), Southern-blotted and hybridised to probe S6S7 (Fig. 4) . Lanes M (A and C) contain a 100 bp DNA ladder and marker sizes are noted on the right-hand side. the OBR as~3600. Thus the number of copies found is very close to the number expected from an OBR.
Our results furthermore show that the lysozyme gene 3' region harbouring the lysozyme OBR contains a CpG island. In the human genome, CpG islands are found at the 5' end of 56% of the sequenced genes, including all those that are ubiquitously expressed (housekeeping genes) (14, 15, 39) . They are~1-2 kb in length and mostly include the promoter and one or more of the 5' exons. In spite of the high density of the methylatable sequence CpG, most CpG islands are non-methylated in all tissues, including those in which the gene is silent. The CpG island of the lysozyme gene exhibits an~66% GC-richness, is 1.8 kb in length, and contains a high density of CpG doublets (16/100 bp) in its central portion. By use of methylation-sensitive restriction enzymes we show that CpG dinucleotides, that are representatively distributed within the island, and are nonmethylated in lysozyme-expressing HD11 cells, non-expressing DU249 cells, and transcriptionally inactive chicken erythrocytes. Interestingly, two CpG sites at the 3' border of the island were found to be methylated in solely HD11 cells, suggesting a function of this methylated site for lysozyme gene expression. Genomic sequencing using sodium bisulfite in order to identify all unmethylated cytosines (40) will be required to complement our view of the methylation status of the lysozyme CpG island. Despite this lack of knowledge it is justifiable to conclude that the 3' end of the lysozyme gene fulfils the characteristics of a CpG island, although it is located at the 3' end of the gene. Only rarely CpG islands have been previously identified at 'non-5' end' locations. Examples are a CpG island located in the second intron of the Igf2r gene (41), a CpG island that covers exon 2 of the mouse major histocompatibility complex class II I-Aβ gene (42) and a CpG island found at the 3' region of the glucose-6-phosphate dehydrogenase gene (43) . Very recently, it was shown that CpG island-like fragments are enriched in a short nascent strand DNA fraction from erythroleukaemic cells (20) . In four cases, three hamster genes and one human gene, the 5' located CpG islands were present in this nascent strand size fraction, but not flanking DNA sequences, suggesting that CpG islands represent a subclass of chromosomal OBRs. Interestingly, the CpG island of the lysozyme gene, though it is located at its 3' end, also possesses an OBR and is, therefore, a member of this subclass.
Besides being localised in a CpG island, the lysozyme OBR is featured by a DNase I HS site that contains two HS subsites spaced by~100 bp. This poses the question of how the features of the lysozyme gene 3' end discovered here might play a functional role for the action of this site as an origin. It is conceivable that OBRs localise to sites whose chromatin structure allows easy access to replication initiation complexes and auxiliary factors that might regulate the activity of replication origins. Through its location in a non-methylated CpG island the lysozyme OBR should be kept free of methyl-CpG-binding protein 2 (MeCP2/ARBP) and other methyl-CpG binding proteins (44) (45) (46) (47) . Very recently it was reported that MeCP2/ ARBP can recruit a co-repressor complex containing histone deacetylase, which by deacetylation of histones H3 and H4 lysines is capable of inducing or maintaining a repressed chromatin structure (48, 49) . Non-methylated CpG islands notably exhibit an open chromatin structure and a defined composition (19, 50) . Specifically, they show a surprisingly high accessibility to restriction enzymes, are deprived of histone H1 and exhibit high levels of acetylation of histones H3 and H4. Furthermore, the discovery of a DNase I HS site in the lysozyme OBR encourages the hypothesis that this feature plays a role in targeting assembly of the replication preinitiation complex to the OBR. In support of this hypothesis, the DNase I HS site at the lysozyme gene 3' end is a feature of expressing and non-expressing tissues examined (Fig. 6) , and thus is likely unrelated to transcription.
Interestingly, the lysozyme gene locus is replicated early during S phase in expressing and non-expressing cell types, i.e. independently of the transcriptional activity of the locus (8) . This appears to be an exception, since it is generally assumed that actively transcribed genes are replicated in early S phase, while repressed genes are replicated in late S phase (12, 13) . Furthermore, we show here that replication of the lysozyme gene locus originates from a non-methylated CpG island. DNA-(cytosine-5) methyltransferase (MCMT) is known to be targeted to replication foci during S phase (51) . Recently, Chuang et al. showed that MCMT binds to proliferating cell nuclear antigen (PCNA), an auxiliary factor for DNA replication and repair, in vitro and in vivo (52) . The cell cycle regulator p21 negatively regulates targeting of MCMT to PCNA and recruitment of MCMT to the replication machinery, primarily in early S phase. It has been postulated that this reaction protects early replicating CpG islands from methylation. Interestingly, the molecular connections disclosed between cell cycle and non-methylated CpG islands by Chuang et al. (52) also provide an explanation for our findings. The methylation-free status of the CpG island at the lysozyme 3' end is provided by the early onset of replication at this site and likely by the inhibition of MCMT by high levels of p21 in early S phase. Through the outlined links, the early onset of replication at the OBR in all tissues, including non-expressing ones (8) , is connected with the methylation-free status of the island in all tissues.
